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Abstract

The aim of this paper is to introduce a new class of mappings called («a, 8)-Berinde-p-contraction
mappings and to establish some fixed point results for this class of mappings in the frame work
of metric spaces. Furthermore, we applied our results to the existence of solution of second order
differential equations and the existence of a solution for the following nonlinear integral equation:
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where M : [a,b] X [a,b] = RY, K : [a,b] x R — R and g : [a,b] — R are continuous functions.
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1. Introduction and Premilinaries

For the past three to four decades, the theory of fixed point has played an important role in non-
linear functional analysis and known to be very useful in establishing the existence and uniqueness
theorems for nonlinear differential and integral equations. In fact, the theory of fixed point has been
applied to solve many real life problems, such as, equilibrium problems, variational inequalities, and
optimization problems. Banach [J] in 1922 proved the well celebrated Banach contraction principle
in the frame work of metric spaces. The importance of the Banach contraction principle cannot
be over emphasized in the study of fixed point theory and its applications. Due to its importance
and useful applications, several authors have generalized this result by considering different classes
of nonlinear mappings and spaces which are more general than contraction mappings and metric
spaces, (see [, 23, 25, 26, 27, PR, 29, B2, 34] and the references therein). Also, over the years, sev-
eral authors have developed several iterative schemes for solving fixed point problem for different
operators and in Hilbert, Banach, p-uniformly convex metric and Hadamard spaces, see for example,
2,8, 4, 6, 6, 0,8, I3, [6, 7 I8, 19, 20, 21, 22, 24, 37, B8, BY]. For example, Boyd and Wong [I3]
introduced a class of mappings called the p-contraction mapping in the frame work of metric spaces
and obtained some fixed point results for this class of mappings.

Definition 1.1. [73] Let (X,d) be a metric space and ¢ : [0,00) — [0,00) a function such that
o(t) <t fort>0. A selfmap T : X — X 1is called ¢-contraction if

d(Tz, Ty) < p(d(z,y)) (1.1)
forall x,y € X.

Theorem 1.2. [13] Let (X, d) be a complete metric space and T : X — X a p-contraction such that
@ 1s upper semicontinuous from the right on [0,00) and satisfies o(t) <t for allt > 0. Then T has
a unique fized point.

Remark 1.3. [t is clear that if p(x) < dx for 6 € [0,1), then we obtain the Banach contraction
mapping.

More so, Berinde [T, [2] introduced and studied the following class of contraction mappings:

Definition 1.4. Let (X,d) be a metric space. A mapping T : X — X is said to be a generalized
almost contraction if there exist § € [0,1) and L > 0 such that

d(T'z,Ty) < éd(z,y) + Lmin{d(z, Tx),d(y, Ty),d(z, Ty),d(y, Tx)}, (1.2)
forall x,y € X.

Furthermore, in 2008, Suzuki [35] introduced a class of mappings satisfying condition (C') which is
also known as Suzuki-type generalized nonexpansive mapping and proved some fixed point theorems
for this class of mappings.

Definition 1.5. Let (X, d) be a metric space. A mapping T : X — X is said to satisfy condition
(C) if for all x,y € X,

1
§d(:t, Tz) <d(z,y) = dTz,Ty) < d(x,y).
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Theorem 1.6. Let (X,d) be a compact metric space and T : X — X be a mapping satisfying
condition (C). Then T has a unique fized point.

Samet et al. [33] introduced another class of mappings, called the a-admissible mappings and obtain
some fixed point results for this class of mappings.

Definition 1.7. [33] Let oo : X x X — [0,00) be a function. We say that a self mapping T : X — X
18 a-admissible if for all z,y € X,

alz,y) > 1= a(Tz,Ty) > 1.

Definition 1.8. [23]/ Let T : X — X and a : X x X — [0,00) be mappings. We say that T is a
triangular c-admissible if

1. T is a-admissible and
2. a(z,y) > 1 and a(y,z) > 1= a(z,z) > 1 for all z,y,z € X.

Theorem 1.9. [33] Let (X,d) be a complete metric space and T : X — X be an a-admissible
mapping. Suppose that the following conditions hold:

1. for all z,y € X, we have o(z,y)d(Tz, Ty) < ¥(d(x,y)), where ¢ : [0,00) — [0,00) is a
nondecreasing function such that Y >~ ™ (t) < oo for all t > 0;
2. there exists xg € X such that a(xg, Txo) > 1;

3. either T is continuous or for any sequence {x,} in X with a(x,,x,+1) > 1 for alln > 0 and
Ty — T asn — 0o, then az,,z) > 1.

Then T has a fized point.

In 2016, Chandok et al. [I4] introduced another class of mappings, called the TAC-contractive and
established some fixed point results in the frame work of complete metric spaces.

Definition 1.10. Let T : X — X be a mapping and let o, : X — R be two functions. Then T
is called a cyclic (o, B)-admissible mapping, if

1. a(z) > 1 for some v € X implies that f(Tx) > 1,

2. B(x) > 1 for some x € X implies that a(Tx) > 1.

Definition 1.11. Let (X,d) be a metric space and let o, 5 : X — [0, 00) be two mappings. We say
that T is a TAC-contractive mapping, if for all x,y € X,

a(z)By) = 1= ¢(d(Tx, Ty)) < f(P(d(z,y)), ¢(d(z,y))),

where ¥ is a continuous and nondecreasing function with 1 (t) = 0 if and only if t = 0, ¢ is continuous
with lim,, 500 ¢(t,) = 0 = lim, oo t, = 0 and f : [0,00)*> — R is continuous, f(a,t) < a and
fla,t) =a=a=0ort=0 forall s,t € [0,00).

Theorem 1.12. Let (X,d) be a complete metric space and let T : X — X be a cyclic («,[)-
admissible mapping. Suppose that T is a TAC-contraction mapping. Assume that there exists xg € X
such that a(xo) > 1, 5(zo) > 1 and either of the following conditions hold:

1. T 1is continuous,
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2. if for any sequence {x,} in X with B(x,) > 1, for alln > 0 and z, — = as n — oo, then

px) > 1.

In addition, if a(x) > 1 and B(y) > 1 for all z,y € F(T) (where F(T') denotes the set of fixed points
of T'), then T has a unique fized point.

Very recently, Pant [31] introduce the notion of Suzuki type generalized p-contractive mapping and
also established some fixed point results for this class of mappings.

Definition 1.13. [31] Let (X, d) be a metric space. A selfmap T : X — X is called a Suzuki type
generalized -contractive if for all x,y € X,

Sd(r, Ta) < d(z,y) = d(Te, Ty) < p(m(x,v)), (1.3)

where m(z,y) = max{d(z,y),d(x,Tz),d(y, Ty)} and ¢ : [0,00) — [0,00) is a function such that
() < t and limsup,_,,+ p(s) <t for allt > 0.

Theorem 1.14. [31] Let (X, d) be a complete metric space and T : X — X a Suzuki type generalized
p-contractive mapping. Then T has a unique fized point in X.

Lemma 1.15. [10] Suppose that (X,d) is a metric space and {x,} is a sequence in X such that
d(xp, 1) = 0 asn — oco. If {x,} is not a Cauchy sequence then there exists an € > 0 and sequences
of positive integers {xm,, } and {x,, } with ny > myg >k such that d(xm,,, n,) > €, d(Tm,, Tn,_,) < €
and

L. limgyoo ATy, Tny ) =

2. limyyoo ATy, Ty, ,) = €
3. limg oo d(Tpmy s Tny) = €,
4. limy 0 d( )=¢€

Inspired by the works of Boyd and Wong [13], Pant [31], Samet et al. [33] and Chandok et al. [I4],
we introduced a new class of (a, 8)-cyclic admissible mappings and a new class of («, 5)-Berinde-¢-
contraction mappings and establish the existence and uniqueness theorems for fixed points of the class
of (a, §)-Berinde-¢-contraction mappings in the frame work of complete metric spaces. Furthermore,
we present some examples and applications of our main results.

2. Main Result

In this section, we introduce a new class of mappings and prove the existence and uniqueness theorems
for fixed points of this class of mappings.

Definition 2.1. Let X be a nonempty set, T : X — X be a mapping and o, 3 : X x X — RT be
two functions. We say that T is an («, )-cyclic admissible mapping, if for all x,y € X

1. a(z,y) > 1= p(Tz,Ty) > 1,

2. B(z,y) > 1= a(Tz,Ty) > 1.

Remark 2.2. Clearly, if f(z,y) = a(z,y), we obtain Definition [I].
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Definition 2.3. Let (X, d) be a metric space, o, 5 : X x X — [0,00) be two functions and T be a
self map on X. The mapping T is said to be an («, B)-Berinde-p-contraction mapping, if there exists
L > 0 such that for all x,y € X with Tx # Ty, we have

alx, Tx)B(y, Ty) > 1= d(Tz, Ty) < p(d(z,y)) + Lmin{d(xz, Tx),d(y, Ty),d(x, Ty), d(y, TZE)(}, |
2.1

where ¢ : [0,00) — [0,00) is a continuous function which satisfies p(t) <t for allt > 0 and ¢(0) = 0.

Example 2.4. Let X = [0,00) and d : X x X — [0,00) be defined as d(z,y) = |x — y| for all
x,y € X. It is clear that (X,d) is a metric space. We define T : X — X by

T — L if xel0,1]
Se if x € (1,00),

a,f: X x X —[0,00) by

)1 df zyel0,1]
Oé(%y)—{g if @,y € (1,00),

2 if a,y€0,1]
0 if w,ye(lo00),

B(z,y) = {

and ¢ : [0,00) = [0,00) by ¢(t) = 5. Then T is an («, §)-Berinde-p-contraction mapping but not an
p-contraction as defined by Boyd et al. [13] and Suzuki type generalized p-contraction as defined by
Rant [31].

Proof . Clearly, for any z,y € [0, 1], we have that a(x,Tz) = 1 and S(y,Ty) = 2, as such we
have that a(z, Tz)B(y, Ty) > 1. Since a(x,Tz)B(y,Ty) > 1 if z,y € [0,1], we need to show that
d(Tz,Ty) < (d(z,y)) + Lmin{d(z, Tx),d(y, Ty),d(z, Ty),d(y, Tx)} for any z,y € [0,1]. Observe
that for L > 0, we have

r oy 1 1 . x Yy Y z
ATz Ty) =% — Y = Llp—y < 2w —y|+ L TR T A T
= p(d(x,y)) + Lmin{d(z, Tx),d(y, Ty),d(z, Ty),d(y, Tx)}.

Thus, T is an («, §)-Berinde-¢-contraction mapping. However 7' is not an @-contraction mapping
as defined by Boyd et al. [[3] and Pant [81]. Suppose z = 0 and y = 4. Observe that
d(Tz,Ty) =20 > 2= p(d(z,y)).
Also, we have
%d(x, Tx)=0<4=d(z,vy),
but

d(Tz, Ty) = 20 > 8 = (d(y, Ty)) = p(m(z,y)),
where m(z,y) = max{d(z,y),d(x,Tx),d(y, Ty)}. O
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Remark 2.5. In Definition 223, if we suppose that p(t) = 6t, where § € [0,1). Then, we obtain a
new type of contractive mapping

a(z,Tz)bB(y, Ty) > 1 = d(T'z,Ty) < 0d(x,y) + Lmin{d(z, Tx),d(y, Ty), d(z,Ty),d(y, Tx)}. (2.2)
Using the above example, it is easy to see that (Z2) is a generalization of (2).

Lemma 2.6. Let X be a nonempty set and T : X — X be an («, 5)-cyclic admissible mapping.
Suppose that there exists xy € X such that o(xo, Txo) > 1 and B(xo, Txg) > 1. Define the sequence
{zp} by xpi1 = Ty, then a(xy,, 1) > 1 implies that B(xy,, xy11) > 1 and B(zp, Tpme1) > 1 implies
that a(zp, Tpi1) > 1, for all n,m € NU {0} with m < n.

Proof . Using our hypothesis and the fact that 7" is an («, §)-cyclic admissible mapping, we have
that there exists xg € X such that

a(zo, Trg) = awg, 21) > 1 = B(Txo, T1) = Bz1,22) > 1
and
a1, 22) > 1= a(Tr, Try) = axse, x3) > 1.
Continuing this way, we obtain that
a(Ton, Tony1) > 1 and B(zons1, Tons2) > 1, Vn € N.
Using similar approach, we obtain
B(xon, Tony1) > 1 and a(zany1, Tons2) > 1,Yn € N.
In similar sense, we obtain the same result for all m € N. That is
a(Tom, Tomy1) > 1 and B(Tomyi1, Tamaz) > 1
and
B(om, Tams1) > 1 and a(Tami1, Tomaz) > 1,Vm € N.
In addition, since
Ty Tina1) = 1= B(Tima1, Tmaz) > 1= a(Tpmyo, Tys) > 10+
with m < n, we deduce that

Q(Im,fﬂm_H) 2 1= 6($n7$n+1) Z L.

Using similar approach, we have that

B<xm7xm+1) >1= Oé([En,ZEn+1) > 1.
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Theorem 2.7. Let (X,d) be a complete metric space and T : X — X be an («, 3)-Berinde-o-
contraction mapping. Suppose the following conditions hold:

1. T is an (o, B)-cyclic admissible mapping,
2. there ezists xg € X such that a(xg, Txo) > 1 and f(xg, Tzo) > 1,
3. T s continuous.

Then T has a fixed point.
Proof . We define a sequence {x,} by x,.1 = Tz, for all n € NU{0}. If we suppose that x, 1 = z,,
we obtain the desired result. Now, suppose that x,,1 # =z, for all n € NU {0}. Since T is an

(e, B)-cyclic admissible mapping and «a(zg, x1) > 1, we have B(Tzg, Tx1) = B(x1,22) > 1 and this
implies that a(zs, x3) = a(T'x1, Tzy) > 1, continuing the process, we have

CL’(LIZ'Qk,LCQkJrl) Z 1 and ﬂ(x2k+17372k+2> Z 1V k c NuU {O} (23)
Using similar argument, we have that
ﬁ(l’gk,LCQkJrl) > 1 and Oé(.%’gk+1,$2k+2> > 1V kEeNU {O} (24)

It follows from (E23) and (24) that a(z,, x,41) > 1 and B(z,, x,11) > 1 for all n € NU {0}.
Since oy, Tni1)B(Tni1, Tnie) > 1, we obtain from (E7T)

d(Tny1, Tnya) = AT, Trny1)
(d<xn7 :UnJrl) + L mm{d(xn, xn+1>7 d($n+17 xn+2)7 d(xna zn+2>7 d(anrla anrl)} (25)
(d(zp, Tny1)) + L.O

d(l’n, anrl)a

IN

Y
¥

A

which imples that
d(xn—&-la xn+2) < d(xm xn—i—l)-

Using similar approach, it is easy to see that
d(l’n, xn-{—l) < d(xn—lv xn)-

Hence the sequence {d(z,,x,+1)} is strictly decreasing and bounded below. Thus there exists r > 0
such that lim, ., d(z,,x,+1) = r. Using the continuity of ¢ and the fact that ¢(t) <t for all ¢ > 0
with ¢(0) = 0, we obtain from (Z3H) that

r= lm d(z,, 1) < lim o(d(x,_1,2,)) <T,
n—oo n—oo

which is a contradiction. Thus, we must have that » = 0 and hence

lim d(z,, zp41) = 0. (2.6)
n—oo
In what follows, we show that {z,} is a Cauchy sequence. Suppose that {z,} is not a Cauchy
sequence, then by Lemma [CT3, there exists an € > 0 and sequences of positive integers {x,, } and
{Zm, } with ng > my > k such that d(z,,,,2,,) > €. For each k > 0, corresponding to my, we can
choose ny, to be the smallest positive integer such that d(z,, , ., ) > €, d(Tm, , Tn,_,) < € and (1) —(4)



370

of Lemma I3 hold. Since a(xg,Tx¢) > 1 and S(xg,Tzo) > 1, using Lemma P86, we obtain that
(T, Ty 1) B(Zny, Tny,y) = 1. Hence, for all k& > ng, we have
d(Imk+l,£L’nk+1) S d(TZEmk, Tl’nk)
S (p(d(xmk’ xnk)) + L mln{d(xmk7 ‘/L.karl)’ d<xnk’ xnk+l>7 d<xmk ? xnk+l>7 d(xnk ? xmk+1)}'
(2.7)
Using Lemma I3, (Z8), ¢(t) < t for all £ > 0 and the continuity of ¢(t), we have that

e = lim d(Txy,,Txy,)

k—o00

< lim [p(d(@ag, @) + LAy, T, @ Tag)s Ao Ty )y AT T -
< €,

which is a contradiction. We therefore have that {z,} is Cauchy. Since (X, d) is complete, it follows
that there exists x € X such that lim,_,. x, = z. Since T is continuous, we have that

r = lim z, = lim 2,4, = lim Tz, =T lim z, = Tz.
n—oo n—oo n—oo n—oo

Thus, T" has a fixed point. [

Theorem 2.8. Let (X,d) be a complete metric space and T : X — X be an («, 3)-Berinde-o-
contraction mapping. Suppose the following conditions hold:

1. T is a («a, B)-cyclic admissible mapping,

2. there exists xo € X such that o(xo, Txo) > 1 and B(xg, Txe) > 1,

3. if for any sequence {x,,} in X such that x, — x asn — oo, then f(z,Tx) > 1 and a(x, Tx) > 1.

Then T has a fixed point.

Proof . We define a sequence {z,} by 2,41 = Tx, for all n € NU {0}. In Theorem P74, we have
establish that {x,} is Cauchy and since (X,d) is complete, it follows that there exists x € X such
that lim,,_,., z, = . Now suppose hypothesis (3) holds, we show that 7" has a fixed point. Since
a(Tp, Tye1) > 1and B(x, Tx) > 1, we have that o(z,, x,11)5(x, Tr) > 1 we obtain from (E70) that

d(xpi1, Tx) = d(Tx,, Tx)
< p(d(xn,x)) + Lmin{d(zp, vpi1), d(z, Tx), d(z,, Tx), d(z, Tx,)} (2.8)

Taking limit as n — oo and using (Z8) and the assumptions on ¢, it is easy to see that

d(z,Tz) = lim d(zp41,T2) = lim d(Tx,, Tx) =0,

n—oo n—o0

which implies that Tx = x. Hence, T has a fixed point. [0 We present an example to support the
above results.

Example 2.9. Let X = [0,00) and d : X x X — [0,00) be defined as d(z,y) = |x — y| for all
z,y € X. It is clear that (X, d) is a complete metric space. We define T : X — X by
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a,f: X x X —[0,00) by

.4 = 15 if x,y€[0,1]
ABY) = 0 if z,y€(l,00),

B 1 af x,yG[O,l]
W’”‘{o i 2y e (1,00,

and , 3 : [0,00) — [0,00) by o(t) = L

g.
Proof . For any z,y € [0,1], we have that a(z,y) = 1.5 and f(z,y) = 1. Also Tx = § and

Ty = % are in [0,1], as such, we have that a(z,y) = 1.5 > 1 = B(T2,Ty) = 1 and B(z,y) =

1 = «o(Tx,Ty) = 1.5 > 1. Therefore, T is («, §)-cyclic admissible mapping. It is easy to see
that for any zo € [0, 1], we have that a(xo,Tp) > 1 and [(z¢, Txg) = 1. Also all the hypothesis
of Theorem P71 and Theorem PR are satisfied. We now establish that 7" is an («, 5)-Berinde-¢-
contraction. Since a(z,Tx)p(y, Ty) = 1.5 > 1 if z,y € [0,1], we need to show that d(Tz,Ty) <
o(d(z,y))+ Lmin{d(x,Tz),d(y, Ty),d(z, Ty),d(y, Txz)} for any z,y € [0, 1]. Observe that, for L > 0,
it is easy to see that

i Yy
ATz Ty) == =2

1 1
= sle =yl < Zle —yl+ Luin{le = 5| Jy = §l.le = gl 1y —

9
= @(d(x,y)) + Lmin{d(z, Tx), d(y, Ty), d(x, Ty), d(y, Tx)}.
Thus T is an (o, )-Berinde-gp-contraction with z = 0 and x = % as the two fixed points of 7. [J

Remark 2.10. As established in the above example, T has two fized points v =0 and x = %. Thus,
for the uniqueness of fixed point of T, we need additional condition.

Theorem 2.11. Suppose that the hypothesis of Theorem ZZ8 holds and in addition suppose a(x, Tx) >
1 and B(y,Ty) > 1 for all x,y € F(T), where F(T) is the set of fixed points of T. Then T has a
unique fized point.

Proof . Let z,y € F(T), that is Tx = x and Ty = y such that x # y. Since a(z,Tz) > 1 and
By, Ty) > 1, we have a(x, Tz)B(y, Ty) > 1. Thus, we obtain
d(z,y) = d(Tz, Ty)
< @(d(z,y)) + Lmin{d(z, Tx),d(y, Ty), d(x, Ty), d(y, Tx)},
< p(d(z,y)) < d(z,y),

which is a contradiction. Thus, 7" has a unique fixed point. [J
We present an examples to support Theorem 21T

Example 2.12. Let X = [0,00) and d : X x X — [0,00) be defined as d(x,y) = |z — y| for all
r,y € X. WedefineT : X — X by

T — % if ve€l0,1]
dr+5 if x € (1,00),
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a,f: X x X —[0,00) by

if x,y€[0,1]
Zf z,y € (1,00),
if x,y€l0,1]
if x,y€(l,00),

and and «, 8 : [0,00) = [0,00) by ¢(t)

Proof . For any x,y € [0, 1], we have that a(x y) = 1.5,B(x,y) = 1. Also Tx = § and Ty = § are in
[0,1], as such we have that a(z,y) = 1.5 > 1 = §(Tz,Ty) =2 and S(z,y) = 2 > 1= oz(Tx Ty) =
1.5 > 1. Therefore, T is (a, §)-cyclic admissible mapping. It is easy to see that for any zg € [0, 1],
we have that a(xg, Tp) > 1 and 5(zo, Txo) = 1. Also all the hypothesis of Theorem ET1 are satisfied.
We now establish that 7" is an («, #)-Berinde-p-contraction. Since a(x, Tz)B(y, Ty) =2 > 1if z,y €
[0, 1], we need to show that d(T'z, Ty) < p(d(x,y))+ L min{d(z, Tx),d(y, Ty),d(z, Ty),d(y, Tx)} for
any x,y € [0,1]. Observe that, for L > 0, it is easy to see that

T Yy
1
= —!x -yl
Yy Y x
< |y — 7 2 el
= p(d(z, y)) + Lmiﬂ{d(l’, Tfff), d(y, Ty),d(x,Ty),d(y, Tx)}.

Thus T is an (a, 8)-Berinde-p-contraction with x = 0 the unique fixed points of 7. However, we
show that Theorem and Theorem T4 are not applicable. Suppose x = 0 and y = 5. Observe
that

d(Txz,Ty) =25 > % = p(d(z,y)).
Also, we have
%d(x, Tx)=0<5=d(z,vy),
but
d(Tx,Ty) = 25> 2 = p(d(y, Ty)) = e(m(z,y)),
where m(z,y) = max{d(x,y),d(x,Tx),d(y, Ty)}. O

Corollary 2.13. Let (X,d) be a complete metric space and T : X — X be a mapping satisfying the
following inequality

a(z, Tx)B(y, Ty) > 1 =d(Tz, Ty) < p(d(z,y)),

for all x,y € X, with d(Tz,Ty) > 0,L > 0, where ¢ : [0,00) — [0,00) is a continuous function and
satisfies p(t) <t for allt > 0 and p(0) = 0. Suppose the following conditions hold:
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1. T is a («a, B)-cyclic admissible mapping,

2. there exists xo € X such that oo, Txo) > 1 and f(xg, Txg) > 1,

3. T 1s continuous,

4. if for any sequence {x,} in X such that x,, — x asn — oo, then f(x,Tx) > 1 and o(x, Tx) > 1.

Then T has a fixed point.

Corollary 2.14. Let (X,d) be a complete metric space and T : X — X be a mapping satisfying the
following inequality

alx, Tx)B(y, Ty) > 1 =d(Tz,Ty) < kd(z,y) + Lmin{d(z,Tz),d(y, Ty),d(z, Ty),d(y, Tz)}

for all z,y € X, where k € (0,1),L > 0,¢ : [0,00) — [0,00) is a continuous function and satisfies
o(t) <t for allt > 0 and ¢(0) = 0. Suppose the following conditions hold:

there exists xg € X such that a(xg, Txo) > 1 and 5(xo, Txo) > 1,
T is continuous,
4. if for any sequence {x,} in X such that x,, — x asn — oo, then f(x,Tx) > 1 and o(x, Tx) > 1.

Then T has a fixed point.

t)
1. T is a («a, B)-cyclic admissible mapping,
2.
3.

Corollary 2.15. Let (X,d) be a complete metric space and T : X — X be a mapping satisfying the
following inequality

d(Tx,Ty) > 0=d(Tz, Ty) < o(d(x,y)) + Lmin{d(z, Tz),d(y, Ty),d(x, Ty),d(y, Tz)}

for all x,y € X, with d(Tx,Ty) > 0,L > 0 where ¢ : [0,00) — [0,00) is a continuous function and
satisfies p(t) <t for allt > 0 and p(0) = 0. Then T has a unique fized point.

Corollary 2.16. Let (X,d) be a complete metric space and T : X — X be a mapping satisfying the
following inequality

d(Tz, Ty) < ¢(d(z,y))

for all x,y € X, where ¢ : [0,00) — [0,00) is a continuous function and satisfies p(t) < t for all
t >0 and ¢(0) =0. Then T has a unique fized point.

3. Application

In this section, we apply our main result to the existence of solution of the second order differential
equation and integral equation.

3.1. Second order differential equation

In this subsection, we give an application of Corollary 273 to the solution of second order differential
equation of the form

() = —f(t,x(t)),t €1 (3.1)
z(1) =0,

&
Y

o
S~—

I
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where [ = [0,1], f : I x R — R is a continuous function. Consider the space C(I) of continuous
function defined on I. It is well-known that C(I) with the metric d(z,y) = supses|z(t) — y(t)| for all
z,y € C(I) is a complete metric space. It is also well-known that the Problem (B) is equivalent to
the integral equation

1
() = / G(t, 5) f(5,2(s))ds. (3.2)
0
for t € I, where GG is the Green function defined by
1—1 if 0<s<t<1
.= {000 0Sei5)
(I—s)t if 0<t<s<l.
If x € C*(I), then x € C([) is also a solution of (B87) if and only if it is a solution (B22).
Theorem 3.1. Let X = C(I) and T : X — X be an operator given by

Tz(t) = /o G(t,s)f(s,z(s))ds

for allx € X and t € I =10,1]. Suppose the following conditions hold:

1. there exists functions o, : X x X — [0,00) such that a(x,y) > 1 = B(Tz,Ty) > 1 and
Blx,y) > 1= a(Tx,Ty) > 1, and for all x,y € X, we have

|[f(s,u) = f(s,0)] < oz, 9) Bz, y)|u = vl

for some s € I and u,v € R;
2. there exists xo € X such that oo, Txo) > 1 and f(xg, Txg) > 1;
3. for any sequence {x,} in X such that x,, — x as n — oo, then f(x,Tx) > 1.

Then the second order differential equation (B) has a solution.

Proof . We define

(z.9) 2 if =<y
alx, = .
4 0 otherwise

M%MZ{liijy

0 otherwise

and ¢(t) = £. We define z,y € X, « <y if and only if z(t) < y(¢) for all t € [0,1]. It is clear that if
r <y, then a(z, Tx)B(y,Ty) > 1. Thus, we have that

Ty(t) — Ta(t)] < / G(t,9)|f(s,y(s)) — F(5,2(s))|ds
< / G(t, s)a(z, y)B(z, y)|y(s) — (s)|ds (3.3)

1
= ale,y)B(z,y)ly — 2 sup / G(t, 5)ds

te(0,1]

1
= 2|z — y| sup/ G(t, s)ds.
]1J0

te(0,1
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It is well-known that for each ¢ € I, we have fol G(t,s)ds = t“; t), as such, we obtain that

1
1
Supte[o,l]/ G(t,s)ds = ]
0
Thus, (B33) becomes

d(Tz, Ty) < id(m,y)
= p(d(z,y)).

Clearly, all the conditions of Corollary P13 are satisfied, and so 7" has a fixed point. Thus the second
order differential equation (Bl) has a solution. [

3.2. Integral Equation

In this subsection, we give an application of Corollary 2713 to solve the nonlinear integral equation:

2(t) = g(t) + / M(t, $)K (£, 2(s))ds, (3.4)

where M : [a,b] X [a,b0] = R", K : [a,b] x R = R and ¢ : [a,b] — R are continuous functions. Let
X = C([a,b],R) be the space of all continuous real valued functions defined on [a,b]. We defined
d: X x X —[0,00) by d(z,y) = supc(y 5 |2(t) — y(t)|. Clearly, (X,d) is a complete metric space.

Theorem 3.2. Let X = C([a,b],R) and T : X — X be an operator given by

b
Tx(t) = g(t) +/ M(t,s)K(t,z(s))ds

for allt,s € [a,b], where M : [a,b] X [a,b] = R, K : [a,b] xR — R and g : [a,b] — R are continuous
functions. Let X = C([a,b],R) be the space of all continuous real valued functions defined on [a,b].
Suppose the following conditions hold:

1. there exists a continuous mapping j: X x X — [0,00) such that

[ K (s, 2(5)) = K(s,y(s))] < p(w, y)lx(s) = y(s)]

for all s € [a,b] and x,y € X;
2. there exists § € (0,1) and o, : X x X — [0,00) such that a(z,y) > 1= B(Tz,Ty) > 1 and
Blx,y) > 1= a(Tx,Ty) > 1 for all z,y € X and

/ M(t, s)u(z,y) < 6;

3. there exists xo € X such that o(xg, Txo) > 1 and B(xg, Txe) > 1;
4. for any sequence {x,} in X such that x,, — x as n — oo, then f(x,Tx) > 1 and oz, Tx) > 1.

Then the integral equation (B4) has a solution.



376

Proof . We define

(2.9) 1 if 2=y
alz,y) = ]
4 0 otherwise

2 if x =<y
T,y) =
pla,y) {0 otherwise
and (t) = ot. We define x,y € X, z <y if and only if z(¢) < y(¢) for all ¢ € [0, 1]. It is clear that if
xr =Xy, we have that a(x, Tz)5(y, Ty) > 1. Thus, we have that

Ty(s) - Ta(s)] < / M, ) K (1 y(s)) — K (1, x(s))])ds
< / M, s)u, y)\y(s) — 2(s)|ds

< sup [y(s) — 2(s)| / M(t, s)u(x, y)ds

s€la,b]
< dd(y,x)
= p(d(z,y)).

Thus, we have that
d(Tz, Ty) < p(d(z,y))-

(Clearly, all the conditions of Corollary 2713 are satisfied, and so 7" has a fixed point. Thus the integral
equation (B42) has a solution. [J
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